Introduction {#Sec1}
============

Urolithiasis is a frequently reported condition in children and is diagnosed even in neonates and infants \[[@CR1], [@CR2]\]. The disease may be the first sign of congenital and acquired metabolic disturbances, or the consequence of anatomic or genetic abnormalities \[[@CR2]\]. The majority of kidney stones are composed of calcium oxalate and calcium phosphate \[[@CR1]\]. Insight into this pathology is increasing and is focused on the pathogenesis of deposit formation in the urinary tract \[[@CR3]--[@CR5]\]. Investigation is being conducted into more effective methods which would enable the detection of risk factors for urolithiasis. One of the risk factors is an increase in the crystallization of calcium oxalate (CaOx) in urine. Kavanagh and Laube recently published a review of methods used to assess the crystallization of CaOx in urine \[[@CR6]\]. During the last few years, activity products (AP) of crystallization have usually been assessed by means of the AP~CaOx~ index or as the relative supersaturation (RS) of urinary calcium oxalate (RS~CaOx~) using the computer program EQUIL \[[@CR7], [@CR8]\].

Laube et al. showed that the ratio of calcium ions \[Ca^2+^\] to the amount of ammonium oxalate added to 200 ml of urine to induce crystallization \[designated here as (Ox^2−^)\] may be, at the moment of spontaneous crystallization of CaOx, an indicator of the risk of CaOx crystal formation \[[@CR9]\]. The authors made this determination with a direct urine collection, without an initial processing. This ratio is known as the Bonn Risk Index (BRI): BRI=\[Ca^2+^\]/(Ox^2−^) 1/L \[[@CR9], [@CR10]\]. Due to its characteristics, this index is an accurate indicator of the individual state of balance between the quantities of the most important promoters and inhibitors of the crystallization process within urine \[[@CR9], [@CR10]\]. Measuring BRI is simple, cost-effective, and the results are repeatable. In patients with calculi formation, CaOx assessed using BRI is significantly higher when compared to healthy subjects \[[@CR9]\]. A lack of published studies concerning BRI in pediatric patients led us to conduct the study in children and adolescents. The purpose of this study was to define the BRI value in healthy subjects aged 3--18 years, in relation to age and sex.

Materials and methods {#Sec2}
=====================

The study was performed on a group of 1,050 healthy Caucasian children and adolescents (group I) aged 3--18 years (mean ± SD: 10.51 ± 4.33), comprised of 525 boys and 525 girls. The study population was divided into 15 age groups, consisting of 70 children in each 1-year group (35 boys and 35 girls). The children reported no history of dietary restrictions. All participants met the criteria of the standard dietary energy and nutrient intakes recommended in Poland \[[@CR11]\]. These children were free of infection at the time of the examination (serum C-reactive protein CRP \<0.4 mg/dL, blood leukocyte count \<10 × 10^9^/L). Prior to inclusion, all participants were screened regarding serum levels of protein, albumin, calcium, phosphate, potassium, uric acid, creatinine and alkaline phosphatase as well as urine concentrations of citrate, oxalate, potassium, calcium and phosphate. Urinary dipstick testing (Bayer Diagnostics, Bridgend, UK) detecting nine parameters, including leukocytes, protein and blood, did not reveal any abnormalities. Children with a family history of kidney stones were excluded from the study. Subjects with diseases known to affect oxalate, calcium and phosphate metabolism and children treated with antibiotics were excluded. All children were screened using renal ultrasound examination to exclude urolithiasis (Toshiba SSH-140A apparatus; probe Convex 3.75 MHz). Participants and their legal guardians gave informed consent, and the study was approved by the Ethical Committee of the Medical University of Bialystok.

Bonn Risk Index {#Sec3}
---------------

The Bonn Risk Index was assessed using the method of Laube \[[@CR12]\]. Each child had a 24-h urine collection into sterile containers, without additional preserving substances, which was stored at 4°C. The testing was always performed twice using the same urine collection from each subject. Two consecutive urine samples (each 200 mL) were incubated immediately after collection, at a temperature of 37°C and the calcium ion concentration was measured using calcium ion-selective electrodes of type Rapilab 855 (Bayer, Germany) and titrated with ammonium oxalate solution (40 mmol/L) at a rate of 0.75 mL/min. The onset of spontaneous crystallization was detected using an Eppendorff photometer (filter 585 nm) with a decrease in light transmission to 98% of the initial value. Each analysis was repeated twice. The BRI is presented as \[Ca^2+^\] mmol/L /(Ox^2−^) mmol = 1/L. Calibration and quality assurance procedures, based on the calibration curves, were conducted every day.

Statistical analysis was performed using the program Statistica 6.0 PL. Mann-Whitney test was used for the analysis of two non-parametric independent variables, with *P* \< 0.05 considered statistically significant. Assessment of the rank of two independent variables was conducted using Spearman correlation, with *P* \< 0.05 considered statistically significant. For the purpose of plotting the curve of spontaneous crystallization (an association between the number of calcium ions and the amount of added ammonium oxalate leading to the spontaneous crystallization), we used the computer program with the range of values as a scatterplot with the option of adding curves.

Results {#Sec4}
=======

The characteristics of the study group are presented in Fig. [1](#Fig1){ref-type="fig"}. The anthropometric traits of participants, based on weight and height measurements and body mass index (BMI), were within the normal range in each subgroup, relative to the Polish references described by other authors \[[@CR13]\]. Fig. 1Body mass index (BMI) in studied girls and boys aged 3--18 years compared to age and sex-matched reference range

Figure [2](#Fig2){ref-type="fig"} shows the detailed results for the whole study group for BRI, defined as the ratio of \[Ca^2+^\] concentration in urine to the amount of added ammonium oxalate (Ox^2−^) necessary for the spontaneous crystallization of CaOx. BRI in healthy children ranged between 0.06 and 1.93 1/L. The values between the 5th and 95th percentiles are found between the two borderline arrows. This diagram also presents the minimum and maximum concentrations of \[Ca^2+^\] and the required amount of added oxalate (Ox^2−^). The concentration of \[Ca^2+^\] in urine ranged from 0.25 mmol/L (5th percentile) to 0.89 mmol/L (95th percentile) with a median of 0.42 mmol/L, and an amount of added (Ox^2−^) ranging from 0.46 mmol (5th percentile) to 3.53 mmol (95th percentile) with a median of 1.65 mmol. Fig. 2The spontaneous crystallization of CaOx in urine of 1,050 children aged 3.00--17.99 years. The*x-axis* shows amount of ammonium oxalate (Ox^2−^) in mmol necessary for the onset of spontaneous crystallization. The*y-axis*shows the concentration of calcium ions \[Ca^2+^\] before adding Ox^2−^. The extremes of the hyperbola represent minimum and maximum values. The minimum hyperbola is defined by the equation \[Ca^2+^\]=0.27/(Ox^2−^), and the maximum is \[Ca^2+^\]=1.67/(Ox^2−^). The BRI values for the 5th to the 95th percentile are found between the hyperbolas \[Ca^2+^\]=0.39/(Ox^2−^) and \[Ca^2+^\]=0.94/(Ox^2−^), median \[Ca^2+^\]=0.65/(Ox^2−^)

Figure [3](#Fig3){ref-type="fig"} presents the BRI values in children representing various age groups. We considering the subjects in two main subgroups, younger children aged 3--9 years, and older children and adolescents aged 10--18 years. In children 3--9 years of age, the lowest values of BRI were found in the youngest children, i.e. those 3 years old (median 0.18 1/L), whilst the highest values were found in 9-year-old children (median 0.34 1/L). However, statistical analyses did not show a difference between the values across the various age groups. The lowest median BRI value was 0.03 1/L in 9-year old children, whilst the highest median value was 2.48 1/L in 4-year-old children. The BRI values for younger children corresponding to the 5th percentile ranged from 0.03--0.08 1/L, and the 95th percentile from 1.38--2.27 1/L. Fig. 3Bonn Risk Index (BRI) in the whole studied group (*left box*) and in separate 1-year age groups for children aged 3--18 years

In older children and adolescents aged 10--18 years, the lowest BRI values were found in the participants who were 12 years old (median 0.17 1/L), whilst the highest were in 17-year-old adolescents (median 0.31 1/L) (Fig. [3](#Fig3){ref-type="fig"}). However, statistical analysis did not show significant differences between the age subgroups. The minimum value of BRI was 0.02 1/L, and was found in 11-year-old children, whereas the maximum value was 3.1 1/L in children aged 10 and 17 years. The BRI values for older children corresponding to the 5th percentile ranged between 0.05 and 0.13 1/L, whilst the 95th percentile was from 1.69--2.66 1/L.

The crystallization values of CaOx, based on BRI in healthy children aged 3--18, did not exceed 2.66 1/L. No significant differences were found in the BRI values between boys and girls in either age group.

Table [1](#Tab1){ref-type="table"} presents the BRI and BRI related to the 1.73 m^2^ body surface area and body mass (kg). The median BRI in relation to body surface area (1/L × 1.73 m^2^) was 0.39 1/L × 1.73 m^2^, with 5th and 95th percentile medians of 0.09 and 3.01 1/L × 1.73 m^2^, respectively. However, the median BRI in relation to 1 kg of weight was 0.008 1/L × kg with corresponding 5th and 95th percentiles of 0.0015 and 0.06 1/L × kg, respectively. A weak positive correlation was found between BRI and BRI/1.73 m^2^ (*R* = 0.18, *P* \< 0.05), and a negative correlation was found between BRI/1.73 m^2^ and BRI/kg (*R* = −0.86, *P* \< 0.05). No differences were found between the values of BRI/1.73 m^2^ and BRI/kg in the various age groups or in relation to sex. Table 1Bonn Risk Index values in children aged 3--18 years in relation to body surface area and body weight MedianMinimumMaximum5th percentile95th percentileBRI (1/L)0.260.023.100.061.93BRI/1.73 m^2^(1/L × 1.73 m^2^)0.390.036.650.093.01BRI/kg (1/L × kg)0.0080.00060.150.00150.06

Discussion {#Sec5}
==========

Urinary stones are considered a major health problem in society, both in adults and in children, due to their recurrent nature and the cost of treatment \[[@CR14]\]. The pathogenic pathways leading to stone formation in kidneys have not been fully explained. During processes of calculus formation, a number of phenomena have been reported such as excess of crystallizing substances, nucleation, crystallization, aggregation and stone formation \[[@CR15], [@CR16]\]. However, it has not been explained why calculi do not form in all subjects, despite a large amount of urinary crystallization products. Over the past few years, there have been many attempts to define the risk factors leading to urinary stone formation on the basis of the ability to form oxalate crystals, a main component of calculi \[[@CR7], [@CR8], [@CR17]\]. Tiselius et al. described the practical importance of assessing the activity of calcium oxalate ions in urine using the AP~CaOx~ index \[[@CR7]\].

Stone formation has also been evaluated in terms of excess urinary calcium oxalate, using the computer program EQUIL \[[@CR18], [@CR19]\]. Laube et al. showed a strong correlation between the concentration of free calcium ions \[Ca^2+^\] in urine and the quantity of ammonium oxalate (Ox^2−^) added to invoke spontaneous urinary crystallization of CaOx \[[@CR9]\]. The authors suggested that the BRI index in healthy subjects was significantly lower than in those forming urinary calculi. The study, based on a group of 72 healthy subjects, provided mean BRI values of 1.05 ± 1.038 1/L with a range of 0.06--4.89 1/L. In other studies involving 85 healthy adult subjects, the mean BRI values were similar, 0.89 ± 0.91 1/L. Higher BRI values have been described by Lewandowski et al. whose study group of 15 Caucasian adults demonstrated a mean BRI of 4.90 1/L, and 15 African adults had a mean BRI of 2.04 1/L \[[@CR10]\]. The literature review did not reveal any larger or more comprehensive studies regarding BRI in children.

Our findings in the large group of healthy children showed that the normal BRI value ranged from 0.06 1/L (5th percentile) to 1.93 1/L (95th percentile). The maximum values obtained in children were lower than those described by other authors in adult populations \[[@CR6], [@CR9], [@CR20]\]. This may be due to the fact that the mechanism which inhibits crystal formation in children's urine is more effective when compared to adults. Teller et al. observed that urinary glycosaminoglycans in children reduced the aggregation of crystals more effectively than in adults \[[@CR21]\]. A similar age-related effect regarding stone formation has been observed by Bergsland et al., who showed that the urine of subjects aged less than 20 years produced a strong inhibitory effect on crystal formation \[[@CR22]\]. Ricchiuti et al. investigated the process in boys aged less than 10 years and found increased activity of plasma protease inhibitor (inter-alpha inhibitor), blocking urinary crystallization during various stages \[[@CR23]\].

Our results did not show a significant difference in BRI values between boys and girls. A minor difference was found in relation to age, but this was not significant. The BRI/1.73 m^2^ and BRI/kg behaved similarly. High correlations between BRI, BRI and body weight, and BRI and body surface area of studied subjects enable practical, more objective use of BRI and allow for comparisons between individuals. For this reason, these results are presented as median values with ranges for the 5th to 95th percentiles for the whole study group.

The study has several limitations. So far, the use of our normative data appears to be limited to the Polish population. It is difficult to relate the results to other geographical regions or to different ethnic groups as there are no published data regarding BRI in children. Further comparative and prospective investigations are needed because a cross-sectional study is not able to reveal whether some children with a normal BRI value will be at risk for stone disease in the future. Moreover, some studied children may have had urolithiasis despite normal results of renal ultrasound. However, this study provided consistent normative data on BRI, due to both the large age representation and the stringent selection criteria.

In summary, the Bonn Risk Index, expressed as the ratio of ionized calcium to the amount of ammonium oxalate necessary to initiate spontaneous CaOx urinary crystal formation, is lower in healthy children and adolescents aged 3--18 years than in studies of adults by other authors. The BRI during growth appears to be independent of age and sex. Thus, our results may contribute to the effective screening of kidney stone disease in pediatric subjects. We conclude that the BRI may be valuable in the evaluation of pediatric patients at risk for kidney stones, particularly if the BRI from stone formers is demonstrated to be higher than in normal children.
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